The folate receptor (FR) type B is a promising target for therapeutic intervention in acute myelogenous leukemia (AML), owing particularly to its selective up-regulation in the leukemic cells by all-trans retinoic acid (ATRA). Here we show, using KG-1 and MV4-11 AML cells and recombinant 293 cells, that the histone deacetylase (HDAC) inhibitors trichostatin A (TSA), valproic acid (VPA), and FK228 potentiated ATRA induction of FR-b gene transcription and FR-B mRNA/ protein expression. ATRA and/or TSA did not induce de novo FR synthesis in any of a variety of FR-negative cell lines tested. TSA did not alter the effect of ATRA on the expression of retinoic acid receptor (RAR) A, B, or ;. Chromatin immunoprecipitation assays indicate that HDAC inhibitors act on the FR-b gene by enhancing RAR-associated histone acetylation to increase the association of Sp1 with the basal FR-B promoter. Under these conditions, the expression level of Sp1 is unaltered. A decreased availability of putative repressor AP-1 proteins may also indirectly contribute to the effect of HDAC inhibitors. Finally, FR-B selectively mediated growth inhibition by (6S) dideazatetrahydrofolate in a manner that was greatly potentiated in AML cells by ATRA and HDAC inhibition. Therefore, the combination of ATRA and innocuous HDAC inhibitors may be expected to facilitate selective FR-Btargeted therapies in AML. (Cancer Res 2006; 66(11): 5875-82) 
Introduction
Acute myelogenous leukemia (AML) is the most common form of leukemia in adults but <20% of AML patients will have long-term survival (1) . Relapsed disease is frequently refractory to chemotherapy (2) . In acute promyelocytic leukemia (FAB-M3 classification), which accounts for 10% of AMLs, complete remission can be achieved in 72% to 95% of the patients by differentiation therapy using all-trans retinoic acid (ATRA; refs. 3, 4) . However, this is followed by a significant incidence of relapse, at which time the patients are often refractory to ATRA therapy due to mutations that block retinoid-induced differentiation (4) . Other AML subtypes, which constitute 90% of AMLs, do not differentiate in response to ATRA (4) . Our previous studies have shown that in primary AML cells and in the KG-1 AML cell line, ATRA induces up-regulation of the h isoform of the folate receptor (FR) in a manner that is independent of cell differentiation and have supported the view that ATRA induction of FR-h could potentially be used in developing novel FR-h-targeted therapies for the majority of AML (5) (6) (7) (8) .
The two major human membrane FR isoforms, a and h, are glycosyl phosphatidylinositol-anchored proteins that can bind and internalize folic acid and its g-carboxyl conjugates and antifolates (9) (10) (11) . The two proteins exhibit distinct and narrow tissue specificities (12) . In normal tissues, the expression of FR-a is largely restricted to luminal surfaces of certain epithelial tissues where it is inaccessible through the circulation in contrast to the receptor expressed in solid tumors (12) . A broad variety of FRtargeted experimental therapies that include novel immunologic therapies, in addition to tumor-selective delivery of various folate conjugates, folate-coated nanoparticle carriers, and antifolate drugs, have focused on the a isoform of the receptor (13) (14) (15) (16) (17) (18) (19) and FR-a has thus served as a paradigm for targeted drug delivery. Among normal tissues, FR-h is only found in placenta (20) and in hematopoietic cells, specifically in the myelomonocytic lineage (21) . FR-h expression increases during neutrophil maturation (21) and macrophage activation (22) . FR-h is expressed in f70% of AMLs and is observed consistently in M3, M4, M5, and M6 AMLs and less frequently in M1 and M2 AMLs (5, 21) . Frequent coexpression of FR-h with CD34 is also observed in AML (5) , suggesting the expression of the receptor in the proliferating population of the AML cells. Several observations that further support the potential of FR-h to serve as a target for selective drug delivery in AML include the absence of FR-h in normal hematopoietic progenitor cells, the nonfunctionality of FR-h in normal hematopoietic cells other than activated macrophage (5, 22, 23) in contrast to its functionality in AML cells (5) , and the ability of primary FR-h-positive human AML cells to engraft in bone marrow (6) .
The expression levels for FR-h among the receptor-positive AML specimens from patients vary over a range of f2 orders of magnitude (5) . The value of up-regulating FR-h expression in AML cells to obtain more effective drug targeting is borne out by the observation that folate-conjugated liposomal doxorubicin was selectively growth inhibitory to the FR-h+ KG-1 AML cells in vitro and the growth inhibition was increased by ATRA in a FRdependent manner (5) . Further, in a severe combined immunodeficient mouse ascites tumor model, the survival benefit of treatment with folate-conjugated liposomal doxorubicin was strikingly increased by coadministering ATRA (5) .
The FR-b gene lacks a functional retinoic acid response element and ATRA enhances FR-b gene transcription by a nonclassic mechanism through its TATA-less and Sp1-driven promoter (8) . It has previously been proposed that ATRA functions in this context by (i) inducing the association of its nuclear receptor retinoic acid receptor (RAR)-a with the FR-h core promoter to function as a coactivator, (ii) inducing the dissociation of RARh/g that may act as corepressors, and (iii) decreasing the availability of unidentified putative repressor proteins that associate with activator protein 1 (AP-1) elements (8) . Here, we report that ATRA-induced upregulation of FR-h may be greatly potentiated by relatively innocuous inhibitors of histone deacetylase (HDAC) and investigate the molecular mechanism underlying this synergy. We further show that FR-h mediates cell growth inhibition by the antifolate dideazatetrahydrofolate (DDATHF) and that FR-h up-regulation by the combination of ATRA and HDAC inhibitor will sensitize AML cells to this drug.
Materials and Methods
Cell culture and reagents. Recombinant 293 cells were generated by stably integrating a FR-b gene promoter-luciferase reporter construct (7) . Chinese hamster ovary cells (CHO) that stably expressed human FR-h (CHO-FRh) were generated by stable integration and amplification of a human FR-h cDNA expression construct in CHO-K1 cells (24) . Cells were cultured at 37jC in 5% CO 2 . The cell culture media were supplemented with 100 units/mL penicillin, 100 Ag/mL streptomycin, and 292 Ag/mL L-glutamine (Invitrogen, Carlsbad, CA 3). FK228 stock solution (2 mg/mL) was made in 40% propylene glycol/10% ethanol/50% normal saline. MTT stock solution was prepared by dissolving in PBS at a concentration of 5 mg/mL. Stock solution of 6S-DDATHF was prepared in PBS and the concentration of the stock solution was spectrophotometrically determined using the e max value of 117,000 (mol/L) À1 cm
À1
(at 272 nm) in 0.1 N NaOH. All stock solutions were stored in aliquots at À80jC. Antibodies against RARa [rabbit polyclonal immunoglobulin G (IgG)], RARh (rabbit polyclonal IgG), RARg (rabbit polyclonal IgG), and Sp1 (rabbit polyclonal IgG) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against acetylated histones H3 (rabbit polyclonal IgG) and H4 (rabbit anti-serum) were purchased from Upstate Cell Signalling Solutions (Lake Placid, NY). Antibody against tubulin (mouse monoclonal IgG; 1:6:000 dilution) was purchased from Sigma-Aldrich. Preparation of cell lysates and luciferase assay. 293 cells containing a stably integrated full-length FR-h promoter-luciferase reporter construct were grown to 20% to 30% confluence and treated with vehicle, ATRA, TSA, VPA, and FK228 singly or in combination. On day 5, the cells were harvested in the reporter lysis buffer provided with the luciferase assay system (Promega, Madison, WI) and centrifuged at 14,000 Â g for 2 minutes at room temperature. The supernatant was assayed for luciferase activity and the values were normalized to protein concentration.
Treatment of cells and preparation of nuclear extracts. KG-1 cells growing in log phase were seeded into 150-mm tissue culture plates at a density of 2.5 Â 10 5 /mL in 20 mL of medium. After a 6-hour preculture, cells were treated with vehicle, ATRA (1 Amol/L), TSA (50 ng/mL), or both for 5 days. Then the cells were harvested by centrifugation at 400 Â g for 10 minutes and washed twice with PBS at 4jC. The cell pellets were snap frozen in dry ice/ethanol and stored at À80jC for 30 minutes. Nuclear extracts were prepared as described (25) . The nuclear extracts were desalted using G-25 Sephadex columns (Roche Diagnostics, Indianapolis, IN) following the protocol of the supplier. The protein concentrations in the extracts were determined by the Bradford assay (Bio-Rad, Hercules, CA).
Preparation of crude plasma membranes. Crude plasma membranes were prepared as described (26) . Essentially, the cell pellets were washed with PBS and then allowed to swell in lysis buffer [1 mmol/L NaHCO 3 , 2 mmol/L CaCl 2 , 5 mmol/L MgCl 2 , 1 mmol/L phenylmethylsulfonyl fluoride (PMSF)] for 30 minutes at 4jC and then homogenized by 50 strokes of a glass Dounce homogenizer. The homogenate was centrifuged to sediment the nuclei and residual cells. The resulting supernatant was centrifuged for 45 minutes at 40,000 Â g to sediment the membranes. The resulting membrane preparation was resuspended in PBS.
Western blot analysis. Cell membrane preparations were used in Western blots to detect FR-h. KG-1 cell nuclear extracts were used in Western blots to detect RARa, RARh, or RARg (the antibodies were all used at 1:200 dilution). Whole-cell lysates in 400 mmol/L NaCl/100 mmol/L/Tris (pH 8.0)/1 mmol/L EDTA/1 mmol/L EGTA/0.0075% h-mercaptoethanol/ 0.1% Triton X-100/proteinase inhibitor cocktail were used to detect Sp1 (the antibody was used at 1:200 dilution). Samples were mixed with an equal volume of 2Â SDS-PAGE loading buffer [62.5 mmol/L Tris-HCl (pH 6.8), 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, and 0.00125% bromophenol blue]. The samples were resolved on 12% ( for FR-h, RARa, RARh, or RARg) or 6% ( for Sp1) SDS-PAGE gels and electrophoretically transferred to nitrocellulose filters. The blots were probed with corresponding rabbit anti-human antibodies followed by goat anti-rabbit immunoglobulin G (IgG) conjugated with horseradish peroxidase. The bands were visualized by enhanced chemiluminescence.
Purification of total RNA and real-time reverse transcription-PCR analysis. Total RNA from KG-1 cells treated with vehicle, ATRA, TSA, or both were extracted using RNeasy Mini Kit purchased from Qiagen (Chatsworth, CA) following the protocol of the manufacturer. Real-time reverse transcription-PCR (RT-PCR) was used to measure endogenous mRNAs for FR-h as well as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the same samples. The reverse transcription step was carried out using TaqMan Reverse Transcript Reagents from Applied Biosystems (Foster City, CA) following the protocol of the manufacturer. Essentially, 400 ng of total RNA were mixed with random hexamer primers (50 Amol/L), RNase inhibitor (1 unit/AL), MultiScribe reverse transcriptase (5 units/AL), and deoxynucleoside triphosphates mix (2.5 mmol/L each) in reverse transcriptase buffer. The 10-AL reaction mixture was first incubated at 25jC for 10 minutes, then at 48jC for 30 minutes, and finally at 95jC for 5 minutes. The subsequent real-time PCR step for FR-h was carried out in the presence of 12.5 AL of PCR Mastermix (Applied Biosystems), 0.5 AL each of forward primer (CTGGCTCCTTGGCTG-AGTTC) and reverse primer (GCCCAGCCTGGTTATCCA), and 0.5 AL of the TaqMan probe (6FAM-TCCTCCCAGACTACCTGCCCTCAGC-TAMERA). The primers and the TaqMan probe for the control GAPDH gene were purchased from Applied Biosystems. The PCR conditions were 2 minutes at 50jC, then 10 minutes at 95jC, followed by 40 cycles of 15 seconds each at 95jC, and finally 1 minute at 60jC. Fluorescence data generated were monitored and recorded by the Gene Amp 5700 sequence detection system (Applied Biosystems). All samples were set up in triplicate and normalized to GAPDH values.
Chromatin immunoprecipitation. This protocol was adapted from our previous report (8) with the following modifications: the protein-DNA complex was eluted from the protein A-sepharose-coated beads with 250 AL of 1% SDS, 100 mmol/L NaHCO 3 by rotating at room temperature for 20 minutes. The beads were sedimented at 16,000 Â g for 30 seconds, the supernatant transferred to another tube, and the process repeated. Then 20 AL of 5 mol/L NaCl were added to the 500-AL eluted protein-DNA complex and incubated at 65jC for 6 hours. The DNA was purified using the QIAquick gel extracton kit (Qiagen). The precipitated DNA was quantified by real-time PCR using forward primer (AATGCAAGCAGGAATGAC-TAAATG), reverse primer (TCCTCTCTTCCTTCCCTTCCA), and a TaqMan probe (6FAM-ACAGACTCAGGGAGCCTTGAAGAGGGTG-TAMERA). Samples were set up in triplicate. A portion of the DNA recovered from an aliquot of sheared chromatin was used as the ''input'' sample. Normal rabbit IgG or serum was used as a negative control.
Electrophoretic mobility shift assay. KG-1 nuclear extracts were incubated with 1 Ag of poly(deoxyinosinic-deoxycytidylic acid) at 4jC for 15 minutes in binding buffer [12 mmol/L HEPES (pH 7.9), 60 mmol/L KCl, 4 mmol/L MgCl, 1 mmol/L EDTA, 12% glycerol, 1 mmol/L DTT, and 0.5 mmol/L PMSF]. Then 30,000 cpm of the 32 P-labeled double-stranded synthetic oligonucleotide probe were added and the reaction mixture was incubated at 4jC for 20 minutes. The reaction mixtures were electrophoresed on 6% polyacrylamide gels at 175 V for 2 hours; the gel was dried for 30 minutes and then subjected to autoradiography.
MTT growth inhibition assay. In vitro sensitivity of cells to 6S-DDATHF was determined by plating 3 Â 10 3 CHO-FRh cells, 7 Â 10 3 CHO-K1 cells, or 0.3 Â 10 5 MV4-11A cells treated with vehicle, 1 Amol/L ATRA, 50 ng/mL TSA, or both for 3 days in 100 AL growth medium containing serial dilutions of the drug in 96-well microplates. Each concentration of the drug was repeated in three wells. After incubation for 3 days (CHO-FRh and CHO-K1 cells) or 4 days (MV4-11 cells) at 37jC with 5% CO 2 , cell viability was determined using the MTT assay based on a previously reported method (27) . Briefly, 10 AL of MTT (5 mg/mL) were added to each well and incubated for 4 hours at 37jC. The medium and MTT were removed from the wells after sedimenting the cells and the formazan crystals were dissolved in 100 AL of DMSO. The absorance was recorded in a VERSAmax tunable microplate reader (Molecular Devices, Sunnyvale, CA) at a wavelength of 570 nm. The absorance (A) directly correlates with cell number and the percentage of cell survival was calculated as follows: (A treated / A untreated ) Â 100. The data were plotted as drug concentration (log scale) versus percentage of cell survival. 
Results
Effect of TSA on ATRA induction of FR-B promoter activity and FR-b gene expression. Because a major mechanism by which nuclear receptor ligands activate genes is by inducing their receptors to recruit proteins that modulate histone acetylation, it was undertaken to test whether known inhibitors of histone deacetylation may promote the positive regulation of the FR-b gene by ATRA. Accordingly, the effect of TSA, which is a wellcharacterized inhibitor of class I and II HDACs, was first tested.
In Fig. 1A , 293 cells stably transfected with an FR-h promoterluciferase reporter construct were treated with ATRA at a concentration (1 Amol/L) previously determined to produce optimal activation of the promoter. Under these conditions, treatment of the cells with TSA resulted in a dose-dependent increase in the ATRA activation of the promoter (Fig. 1A) . TSA by itself produced only a relatively small increase in the promoter activity (Fig. 1A) . At the higher (nontoxic) concentrations of TSA (50-100 ng/mL), the ATRA-induced activation of the FR-h promoter was further amplified by a factor of 10. In Fig. 1B , the same cells were treated with a fixed (50 ng/mL) concentration of TSA and a range of ATRA concentrations. Here, TSA increased ATRA activation of the promoter even at suboptimal concentrations of ATRA. These results show a strong synergy between ATRA and TSA in the activation of the FR-h promoter.
Next, KG-1 AML cells were treated with a concentration of ATRA (1 Amol/L), previously known to produce the optimal increase in the expression of the endogenous FR-h and with different concentrations of TSA. In the presence of ATRA, a TSA dosedependent increase was observed in both the FR-h mRNA (measured by real-time RT-PCR; Fig. 1C ) and the FR-h protein, detected by Western blot (Fig. 1D) . The results show a strong potentiation of the ATRA induction of FR-h mRNA and FR-h protein by TSA in AML cells.
Effect of VPA and depsipeptide on FR-B promoter activity and endogenous FR-B expression. VPA and depsipeptide (FK228) are drugs that are in clinical use and are known HDAC inhibitors. In Fig. 2A and B, 293 cells stably transfected with an FR-h promoter-luciferase reporter construct were treated with ATRA at a concentration (1 Amol/L) previously determined to produce optimal activation of the promoter. Under these conditions, treatment of the cells with VPA ( Fig. 2A) or FK228 (Fig. 2B ) in pharmacologic concentration ranges resulted in a dose-dependent increase in the ATRA activation of the promoter. At each concentration, VPA or FK228 alone produced a relatively modest increase in the promoter activity ( Fig. 2A and B) . In Fig. 2C and D, KG-1 AML cells were treated with a fixed (1 Amol/L) concentration of ATRA and different concentrations of VPA (Fig. 2C) or FK228  (Fig. 2D) . For both VPA and FK228, a dose-dependent increase was observed in ATRA up-regulation of the endogenous FR-h. These results show that the synergistic effect of TSA on ATRA activation of the FR-h promoter can be extended to other HDAC inhibitors (i.e., VPA and FK228).
Specificity of the ATRA/HDAC inhibitor effects for FR-Bpositive AML cells. Among the available human AML cell lines, KG-1 and MV4-11 cells are positive for FR-h. In contrast, other myeloid cell lines, including NB4, HL60, KCL22, K562, and the KG1a variant, were FR negative. In MV4-11 cells, ATRA (1 Amol/L) substantially increased FR-h expression as observed by Western blot (Fig. 2E and F) , and similar to KG-1 cells, TSA (Fig. 2E) or VPA (Fig. 2F) up-regulated FR-h in a dose-dependent and ATRAdependent manner. In contrast, ATRA and TSA, either individually or in combination, failed to turn on FR expression in NB4, HL60, KCL22, K562, and KG-1a cells or a wide variety of other FR-negative cell types (293, Caki1, L1210, SVG, and MG63; data not shown). They also did not up-regulate either FR-h or FR-a in FR-a+ cell lines (e.g., SKOV3, JAR, and HeLa; data not shown). These results suggest that ATRA and/or HDAC inhibitors will not alter the tissue distribution of FRs by inducing de novo FR synthesis in FR-negative cells.
Effect of TSA on the expression of RAR subtypes. To investigate the effect of HDAC inhibition on various aspects of ATRA action on the FR-b gene, we first tested the influence of TSA on the expression levels of RAR subtypes a, h, and g. As seen from the Western blot of nuclear extracts obtained from KG-1 cells, TSA treatment, either in the presence or in the absence of ATRA, did not appreciably alter the expression of RARa, h, or g (Fig. 3) .
Effect of TSA on the association of RARs and Sp1 with the FR-B promoter in situ. We have previously reported by chromatin immunoprecipitation that ATRA causes an increase in the association of RARa and a decrease in the association of RARs h and g with the basal promoter in the endogenous FR-b gene. The influence of HDAC inhibition on these aspects of ATRA action was tested in KG-1 cells using the chromatin immunoprecipitation assay. In this and in other chromatin immunoprecipitation assays used in this study, the signal was measured by real-time PCR. As expected, ATRA increased the association of RARa with the FR-h promoter but TSA did not appreciably alter this ATRA-induced association (Fig. 4A) . TSA also appreciably increased ATRAinduced dissociation of RARg from the promoter (Fig. 4C ) but did not affect the release of RARh (Fig. 4B) .
Because the association of Sp1 with the TATA-less FR-h promoter is a key requirement in maintaining its basal activity, it was undertaken to use the chromatin immunoprecipitation assay to test the effect of TSA on the association of Sp1 with the promoter. As shown in Fig. 4D , ATRA increased the association of Sp1 with the promoter and TSA caused a further striking increase Research.
in this association. However, TSA by itself did not increase the association of Sp1 with the FR-h promoter (Fig. 4D) . It may be noted here that in our previous report, we had not observed the increased association of Sp1 with the FR-h promoter on treatment with ATRA; this discrepancy may be attributed to the fact that in that study, the chromatin immunoprecipitation assays were not quantitative and the relatively small increase in Sp1 association caused by ATRA treatment alone would have gone unnoticed. The results in Fig. 4D clearly show that whereas ATRA increases the association of Sp1 with the FR-h promoter, TSA greatly increases this association, but in an ATRA-dependent manner. The TSAinduced increase in the ATRA-dependent association of Sp1 with the FR-h promoter region was not accompanied by a change in the expression level of Sp1 (Fig. 4E) .
Effect of TSA on histone acetylation in the FR-B promoter region. To test a possible basis for the ATRA-dependent increase in Sp1 binding induced by TSA, the effect of these reagents on the level of histone acetylation in the FR-h basal promoter region was examined by the chromatin immunoprecipitation assay. TSA increased the acetylation of both histones H3 and H4 in this region of the FR-h promoter and the effect was the greatest when the cells were treated with both ATRA and TSA (Fig. 5A and B) .
Effect of TSA on the availability of AP-1 repressor proteins. We have previously identified two AP-1 elements at nucleotides (nt) À358 to À352 and À319 to À313 that repress the basal FR-h promoter activity, and showed by electrophoretic mobility shift assay (EMSA) that they associate with unidentified proteins including Fos family proteins that act as putative repressors. We have also reported that when cells are first treated with ATRA, there is a decreased association of the proteins with the AP-1 elements presumably contributing to ATRA induction of the FR-b gene. To test whether TSA influenced this likely indirect action of ATRA, nuclear proteins obtained after treating cells with ATRA and/or TSA were tested by EMSA using the FR-h nt À338 to À308 sequence as the labeled probe (Fig. 6) . As previously observed, ATRA decreased the association of AP-1 proteins represented by the major shift in Fig. 6 . TSA further contributed to this decrease KG-1 cells were treated with 1 Amol/L ATRA and/or 50 ng/mL TSA for 24 hours and subjected to chromatin immunoprecipitation (ChIP ) assay. The precipitated DNA fragment was measured by real-time PCR using primers flanking the Sp1 element. A, effect of ATRA and/or TSA on the association of RARa with the FR-h promoter. B, effect of ATRA and/or TSA on the association of RARh with the FR-h promoter. C, effect of ATRA and/or TSA on the association of RARg with the FR-h promoter. D, effect of ATRA and/or TSA on the association of Sp1 with the FR-h promoter. E, KG-1 cells were treated with 1 Amol/L ATRA and/or 50 ng/mL TSA for 24 hours and the whole-cell lysate was subjected to Western blot to detect Sp1. The same blot was then stripped and reprobed for tubulin. Fifty-microgram protein was loaded in each lane. (Fig. 6 ), suggesting that a negative effect of HDAC inhibition on the availability of the putative repressor AP-1 proteins may indirectly contribute to the synergy between ATRA and HDAC inhibitors in up-regulating FR-h.
FR-B mediation of the cell growth inhibition by DDATHF and the effect of up-regulating the receptor with ATRA/HDAC inhibitor. To obtain initial proof-of-principle for the selective advantage of up-regulating FR-h on FR-mediated drug delivery, the purine synthesis inhibitor DDATHF was chosen based on its high affinity for FR despite the fact that (in contrast with some newer antifolate drugs) this drug is known to also be transported by other membrane carriers, principally by the reduced folate carrier. The a isoform of FR is known to mediate cell growth inhibition by DDATHF by transporting the drug into the cell. FR-h is known to bind folate compounds with affinities and stereospecificities that are distinct from those of FR-a (26) . Therefore, the ability of the h isoform of FR to mediate growth inhibition by DDATHF was first tested using recombinant CHO-FRh cells. In Fig. 7A , the MTT assay was used to compare the cell growth inhibition by 6S-DDATHF in the recombinant CHO-FRh cells versus the parental CHO-K1 cells. CHO-FRh cells were considerably (f23-fold) more sensitive than the parental CHO-K1 cells, and this difference in their sensitivity was abrogated by treating the cells with folic acid (200 nmol/L) before addition of the drug to block FR-mediated drug uptake. These results show a major contribution of FR-h expression to the cell growth inhibition by DDATHF.
Because AML cell lines generally contain a heterogeneous cell population, a clonal population of MV4-11 (MV4-11A) cells was randomly isolated for the growth inhibition studies. The ability of FR-h induced in these cells by the combination of ATRA and TSA to bind folate was first tested (Fig. 7B) (Fig. 7B) .
The growth inhibition by 6S-DDATHF was determined in cells that were previously treated with ATRA and TSA alone or in combination or with a vehicle control (Table 1) . In control assays, folic acid (200 nmol/L) was added to the media before the addition of DDATHF to block FR-h-mediated drug uptake. As seen in Table  1 , in MV4-11A cells, ATRA treatment increased FR-h expression and TSA enhanced this effect. ATRA treatment increased the growth inhibition by 6S-DDATHF compared with the untreated vehicle control cells, whereas TSA treatment did not have an appreciable effect ( Table 1 ). The combination of ATRA and TSA produced the highest level of growth inhibition by 6S-DDATHF. In all cases, pretreatment of the cells with folic acid decreased the growth inhibition by 6S-DDATHF to IC 50 values that were comparable ( Table 1) , showing that increased FR-h expression/ function contributed to growth inhibition by the antifolate. It may be noted in Table 1 
Discussion
We have previously reported that the mechanism of induction of FR-h expression by ATRA in AML cells is atypical because it occurs by direct and ligand-dependent interaction of RARs with the FR-h promoter in the absence of a retinoic acid response element (8) . Multiple events in this interaction seem to contribute to the ATRA effect; they include an increase in the association of RARa, a decrease in the association of RARs h and g, and a decrease in the association of repressor AP-1 proteins. An additional event revealed in this study is an increase in the association of Sp1. The present study was undertaken on the premise that regardless of the exact mechanism involved, transcriptional up-regulation of genes by nuclear receptors is generally mediated in large part by increasing histone acetylation. Because coregulators are the principal mediators of modulation of histone acetylation by nuclear receptors, it follows that the variable coregulator complement of AML cells may determine the degree to which ATRA will up-regulate FR-h. By the same reasoning, inhibitors of histone deacetylation may be expected to optimize the ATRA effect. Because HDAC inhibitors with acceptable toxicity profiles are available, the use of such agents in combination with ATRA is a viable option when the degree of FR-h induction by ATRA is less than optimal for FR-targeted therapy.
The results of this study confirm the hypothesis that HDAC inhibition will potentiate ATRA-induced increase in FR-h expression in AML cells. The inhibitors include TSA, the prototypical class I/II HDAC inhibitor, as well as VPA and depsipeptide that have been approved for administration in humans. Like ATRA, HDAC inhibition either by itself or in combination with ATRA did not induce FR expression in FR-negative cells but only enhanced transcription of the gene in the receptor-positive cells, in particular, AML cells. This mode of TSA action is clearly advantageous in facilitating selective targeting of AML cells with drugs that are selective for FR. In view of the heterogeneous nature of AMLs, it is important to understand the mechanism of action of HDAC inhibitors and ATRA in inducing FR-h expression because this could provide a rational basis from which to infer the clinical contexts in which they could be used in FR-targeted therapy of AML to optimize the treatment and to circumvent potential problems.
At both the level of FR-h promoter activity (in recombinant 293 cells) and endogenous FR-h expression (in KG-1 and MV4-11 AML cells), at the optimal ATRA dose for induction of FR-h, HDAC inhibitors potentiated the ATRA effect in a dose-dependent manner. A systematic examination of factors that are known to affect FR-b gene transcription and its regulation by ATRA revealed several events that were affected by HDAC inhibitors in a manner that was both ATRA dependent and synergistic with the ATRA effect. HDAC inhibition caused an increase in the acetylation of histones H3 and H4 within the FR-h promoter region and this increase was optimal in the presence of ATRA, providing a likely mechanistic basis for the action of HDAC inhibitors at the level of the promoter. Perhaps the most striking effect of HDAC inhibition is to increase the association of Sp1 with the basal FR-h promoter that occurred to a relatively modest extent in the presence of ATRA alone. The combination of ATRA and HDAC inhibitor did not alter the Sp1 level in the cells. The increased association of Sp1 caused by HDAC inhibition was entirely ATRA dependent. However, this increase in Sp1 induced by HDAC inhibition was not accompanied by a further change in the association of RARa with the promoter. This observation indicates that notwithstanding previous reports (28, 29) that Sp1 can directly associate with RARa, neither protein recruits the other to the FR-h promoter but rather they are independently recruited. A reasonable explanation for the observations is that histone acetylation caused by recruiting RARa to the core promoter facilitates Sp1 binding to the promoter and that HDAC inhibitors promote histone acetylation by RARa-associated coregulators. ATRA-induced association of RARa with the FR-h core promoter is consistent with recent ) were treated with ATRA (1 Amol/L), TSA (50 ng/mL), or ATRA (1 Amol/L) + TSA (50 ng/mL) for 3 days. Half of the cells were harvested to prepare cell membranes and probed for FR-h expression by Western blot (bottom). Uniformity of sample loading in the blot was confirmed by Coomassie blue staining. The rest of the cells were seeded in 96-well tissue culture plates and treated with vehicle alone or different concentrations of 6S-DDATHF for 4 days. The MTT readout was linear during this period (data not shown). Live cell numbers were then determined by MTT assay (the background readout on day 3 was subtracted) and the percentage of cell survival was calculated as described in Materials and Methods. findings of core promoter diversity (30) combined with the known ability of RARa to associate with general transcription factors (31) . Additional events that seem to contribute to the effect of HDAC inhibition on ATRA induction of FR-h include facilitating dissociation of RARg and decreasing the association of putative AP-1 repressor proteins. HDAC inhibition did not alter the expression levels of RARs but because the identity of the AP-1 repressor proteins is not yet known, it has not been possible to determine whether they are down-regulated.
Evidence is also presented in this study that FR-h mediates growth inhibition by the antifolate DDATHF and that increased induction of FR-h in AML cells by ATRA or a combination of ATRA and a HDAC inhibitor substantially contributes to their sensitivity to the drug. These observations offer proof-of-principle for translating the effect of ATRA and HDAC inhibitors on AML cells to therapeutic benefit in FR-h targeted drug delivery.
